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ABSTRACT 
 
Becoming aware of the impact of global warming, all countries of the European Union 
have agreed to produce 20% of their electricity from renewable energy by 2020. Hence, 
a new market emerged to develop more efficient technologies of sustainable power 
production.  
Cranfield University has been involved since 2006 in wave and tidal energy design 
projects through various government agencies funded partnerships with the emerging 
industry of marine renewable energy. This thesis is based on one of these projects 
called “DeltaStream” which was developed by Tidal Energy Ltd (TEL). 
The tidal stream turbine is one of the most efficient concepts in marine renewable 
energy, because of the high predictability of tidal streams compared to wave and wind 
energy. Many devices are currently being developed in the UK. Most of them are 
moored to the seabed using traditional methods used in the offshore oil industry, which 
means drilling the sea floor. 
The goal of this work is to avoid drilling the seabed by adding hydrofoils on the 
structure. Indeed, by setting a hydrofoil in the tidal stream, the goal is to prove that a 
downward lift force is created and is efficient enough to maintain the structure at its 
location, avoiding mooring costs and ecological issues relative to drilling the sea floor. 
Computational Fluid Dynamics (CFD) models have been performed, studying the 
sensitivity of mesh size compared to results quality, and testing then different 
hydrofoils to get the best downward lift force in local conditions. The main 
characteristics of the simulation are unsteady and one phase. The chosen geometry is a 
“quasi-2D” domain in order to minimize computational requirements. 
A validation case has been first performed on a well-known geometry of a circular 
cylinder, to compare analytical results and CFD data. Small variations between results 
validated the model to enable us to use the model on a less-known simulation such as a 
hydrofoil. Different parameters influencing the efficiency of the hydrofoil in terms of 
lift production and drag reduction have been tested.  
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These results have been compared with tank tests undertaken by the OENA Group in 
June-July 2009 in IFREMER (France). And complementary studies have been 
performed to compare these results and CFD results.  
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Chapter 1: Introduction 
 
1.1 General background  
Anchoring offshore devices has first been a requirement for offshore platforms, barges 
or FPSO in the oil and gas industry. Indeed, while operating at sea, ships and jackets 
need to be moored to resist wind, waves and currents. To secure such big devices to the 
sea bed, several types of anchorage and mooring are considered: drag embedment, 
clump or gravity anchors are used for vessels, depending on the nature of the soil 
whereas pile anchors are more effective for offshore platforms, since the pile is drilled 
in, it can operate in a various range of soil type [13]. All these techniques can damage 
life diversity settled on the sea bed and are noisy. 
With the emerging market of marine renewable energy, smaller structures have to be 
anchored to the sea bed, and the industry tries to look for a lighter way of mooring 
systems. An innovative concept would be to use a hydrofoil on the structure to avoid 
costly and intrusive mooring requirements, or at least to reduce them. Hydrofoils are, in 
most cases, used to generate an upward lift and reduce drag on fast boats. In the case 
covered in this study, the concept is to install a reverse hydrofoil on the frame of the 
device, enabling the velocity of the tidal stream to interact with the hydrofoil to 
generate a downward lift force, in the direction of the sea floor. Hence, the structure 
would then be pushed onto the sea floor, and could then resist the lateral force owing to 
the current and of the turbines thrust. Therefore it could behave as if it was anchored, 
and traditional mooring systems would not be longer necessary, or would be 
considerably reduced. This concept is designed for the DeltaStream marine current 
device, a 1.2MW unit, installed on the sea bed. 
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The main goal of this work is to carry out a study of shape optimization on hydrofoils, 
to try to get a hydrofoil shape which produces the greatest lift force with site tidal 
stream velocities. Most of the time, shape optimization studies are performed from a 
prescribed pressure distribution and the design tool improves the shape to reach the 
prescribed pressure distribution, repeating the process until no more improvements can 
be made. In the case of the DeltaStream project, important constraints have to be 
respected, notably the hydrofoils must fit around a 2m diameter pipe, and they must be 
used for two symmetrical directions of incident flow, since tidal currents can be 
oriented to the offshore direction or to the shore direction. Hence, classical 
aerodynamics or hydrodynamics shapes, such as NACA profiles, cannot be used. Lift 
generated from bluff bodies could then be a more appropriate inspiration, but design 
tool optimization does not apply for shapes with such constraints. 
Hence, from a simple shape meeting the criteria and respecting the constraints, studies 
are performed by CFD modelling. In this case, the main solution to perform a shape 
optimization is then to explore different parameters which affect the lift force generated 
by the profile. Limits of parameters variation and a combination of these parameters 
would produce the better shape producing as much as lift as possible and respecting the 
project constraints. 
1.2 Scope of work 
The first step of this work was to learn how the meshing software Gambit and the CFD 
code Ansys-CFX work. A good description of the boundary layer is important to 
describe viscous effects and to get an accurate result of lift generated, and so the 
building of a good boundary layer mesh is a first important goal to achieve. Then 
learning how to create a growing mesh, starting from the boundary layer with small size 
mesh and increasing the size mesh to boundaries of the domain is essential to get 
accurate results in the area of interest, without wasting computational resources. A good 
understanding of the physics and mathematics on which the code is based on, is also a 
work to perform to understand the results produced and keep a critical point of view on 
them. These steps are performed on a validation case basis, for which theoretical results 
are already known, and so a comparison between these theoretical results and results 
obtained from different boundary layer and global meshes can be done. 
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Once the first stage of coming to grips with the CFD code is performed, it is time to 
move forward the step of hydrofoil shape optimization. The most effective way to reach 
a shape which will produce enough lift force is to study quasi-2D profile, changing 
different parameters on each run. Hence, parameters influencing the most the quantity 
of lift force produced can be rearranged together to get the wanted shape. To confirm 
results produced in quasi-2D, a comparison with tank testing results of the structure 
with hydrofoils is carried out. Hence, the main goal is to know if hydrofoils can 
produce at least few hundred tons of downward lift. From this quantity of lift generated, 
setting up such hydrofoils on the structure would start to have an interest to reduce the 
importance of intrusive mooring. 
1.3 Structure of the thesis 
First of all, a summary of the current situation of energy needs and production all 
around the world and then in the UK is performed in Chapter two. From global policy 
about greenhouse gases emissions to the European Union decisions, the description then 
focuses on why UK decided to choose marine energy as one of its sources of renewable 
energy. A short presentation of different ways of harnessing the energy from tidal 
streams is then presented, and the DeltaStream structure studied here is presented in this 
context. 
In Chapter three, a review of literature papers which brought significant information is 
presented. From history of tidal stream energy through the ages to a point of the current 
technology, a review of physical and mathematical concepts addressed in the thesis is 
then carried out. To finish this chapter, numerical methods used to design hydrofoils are 
shown with some highlights on experiments such as tank testing. 
In Chapter four, the mathematical approach of governing equations of fluid dynamics is 
described, and important physical parameters used in this study are presented. 
Furthermore, a description of the physical phenomenon such as the flow around a 
circular cylinder is made. 
Chapter five shows the different stages of a CFD run, from setting it up, to running it 
and getting results from it. It also describes the parameters used in a CFD run, such as 
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how to calculate the parameters defining the boundary layer, or what kind of velocity is 
used at the inlet boundary condition. 
Chapter six presents the validation calculations: to find out the good compromise 
between an accurate physics representation and computational requirements, a 
sensitivity study on the mesh size and the boundary layer parameters are performed. T 
Chapter seven presents the preliminary studies performed on the foil characteristics to 
find out the best influencing parameters. These parameters are then used to find the foil 
shape which produces the greatest downward lift force 
On Chapter eight, the foil is tested at small scale in a towing tank, and unexpected 
results are compared to complementary CFD runs to find out an explanation. All these 
results are discussed and summarized in the conclusion. 
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Chapter 2: Energy market and tidal stream 
devices 
2.1 Energy in the world and in UK 
2.1.1 Production and consumption 
Before the industrial revolution, most of energy needs were met by renewable sources, 
but at the end of eighteenth century, the change from an agricultural society to an 
industrial society was the first step to an always increasing need in more energy. Energy 
is needed for industries of course, but with increasing domestic comfort, the apparition 
of more and more electric devices for everyday tasks and the increasing use of 
transport, to go further and faster, the global energy demand is literally exploding years 
after years. Figure 2.1 shows a curve of world energy consumption with a shape close 
to exponential growth. 
 
Figure 2.1 : World energy consumption in million tonnes of oil equivalent (TOE).       
(Schilling & Al. 1977, IEA et Jean-Marc Jancovici) 
Coal Oil Gas Hydro Nuclear 
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In 2004, more than 10 000 million tonnes of oil equivalent (TOE) have been consumed 
in the world, of which 37% of oil, 25% of coal, 23% of gas, 6% of nuclear, 4% of 
biomass, 3% of hydro, 0.5% of solar heat, 0.3% of wind, 0.2% geothermal, 0.2% 
biofuels and 0.04% of  solar photovoltaic. But the consumption is not equivalent for 
every inhabitant of the world: in developed countries, inhabitants who represent 20% of 
the world inhabitants use 60% of the world energy consumption. For example, UK 
consumed 173.5 million tonnes of oil equivalent in 2004. As shown on Figure 2.2, 33 % 
of the final consumption of UK is consumed by the transport sector, 28% is consumed 
for domestic use and 18.5% is used for the industry. 
 
Figure 2.2 : Final energy consumption in UK in 2004 (DTI) 
Like for the global energy consumption, the UK first source of energy is oil, which 
represents 53% of all of the energy produced and imported in the UK, 29.5% from gas 
and 11% from coal. The part from renewable energy seems to be negligible with only 
4%, including all renewable sources together. 
 
Figure 2.3 : UK production and imports of energy in 2004 (DTI) 
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2.1.2 Energy policy 
From the 1980’s, the scientific community started to research deeper on climate and on 
greenhouse gas emissions, and a correlation between the amount of fossil fuel 
combustion and global warming was highlighted. At a global scale, the policy to reduce 
the amount of greenhouse gases rejected into the atmosphere leaded to the Kyoto 
protocol, ratified by 172 countries, with the notable exception of the USA. This 
protocol requires that all countries publish the amount of greenhouse gas emitted, to 
establish, apply and publish national policy to reduce climate changes. 
 In this frame, in 2007, heads of state of the 27 members countries of the European 
Union agreed on the restrictive target of producing 20% of their energy by renewable 
sources in 2020. To reach the European target in the UK, politicians set up an 
innovative energy policy. The government launched a plan called “Renewable 
Obligation Order” to promote and plan the use of renewable energy. The “RO” places 
an obligation on licensed electricity suppliers to have an increasing proportion of 
electricity from renewable energy. This proportion is an additional percent point every 
year, which would enable the UK to reach the goal set by the European Union in 2020. 
Hence, in July 2009, the government launched the renewable energy strategy which 
includes £405 million funding for renewable energy, of which 15%, representing £60 
million, for marine renewable energy. This willing of developing marine renewable 
energy is very specific to UK, as shown on Figure 2.4. Since 2002 and the stop of 
funding in marine renewable energy in Japan, UK has the potential to become a leader 
in marine energy systems. 
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Figure 2.4 : Marine energy R&D budgets by IEA member coutry. (Department for 
Business, Innovation and Skills) 
2.1.3 Marine renewable energy potential in UK 
 Because there is no single answer to produce renewable energy, the UK government 
decided to integrate marine energy as one of the sources used to produce renewable 
energy, between hydro-electricity, biomass energy, onshore and offshore wind power… 
Marine energy can provide a significant amount of UK energy needs in the future, 
because the geographic situation of the island is exposed to strong waves and important 
tidal streams, marine renewable systems explore both ways. With an electricity 
consumption of 350 TWh (Terra Watt hour) per year, it’s estimated that marine 
renewable energy could provide 15 to 20% of this amount [5]. 
With its 5000 miles of coastline and its estuaries and peninsulas where energy focuses, 
Great Britain is very well exposed to tidal stream power. With gravity effects of Sun 
and Moon on the oceans, the rise and fall in height of the sea happen twice a day, 
creating fast currents where the flow is funnelled, like between islands. Furthermore, 
because the Sun and Moon orbits are totally predictable, tidal flow can also be predicted 
accurately a long time in advance, and so the amount of energy extracted can be 
forecast exactly. 
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Figure 2.5 shows the best potential sites of tidal energy, and shows that tides are 
amplified by bathymetric changes, estuaries and reflections by peninsulas. 
 
 
Figure 2.5 : Average Annual Tidal Power around Great Britain (DTI) 
 
2.2 Existing tidal stream energy extraction systems 
To extract tidal stream energy, devices must be made of four main parts. The first one is 
the feet of the device or foundation, which allows holding the blades in the tidal current. 
Then, the mechanical systems which can harness the flow of energy, so this part include 
the blades block and is called the rotor. Then there is the gearbox and the generator, 
allowing to the system to convert mechanical energy into electrical energy. Then the 
power take-off system allows connecting the device to the electrical network. Based on 
these main elements, different types of tidal stream devices can be listed. 
2.2.1 Types of marine current turbine 
2.2.1.1 Horizontal axis turbine 
This type of turbine extracts energy from moving water in the same way as wind 
turbines extract energy from moving air. The better known example of this technology 
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is SeaGen, a 1.2 MW, twin turbine device operational in Strangford Lough in Northern 
Ireland (Figure 2.6) 
 
Figure 2.6 : SeaGen horizontal axis turbine (Marine Current Turbine Ltd) 
2.2.1.2 Venturi Effect 
By housing the device in a duct, this has the effect of concentrating the flow past the 
turbine. The flow of water can drive a turbine directly or the induced pressure 
differential in the system can drive an air-turbine. An example of this type of device is 
the lunar energy device (Figure 2.7) 
 
Figure 2.7 : Venturi effect turbine (Lunar Energy) 
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2.2.1.3 Oscillating Hydrofoil 
In this device, a hydrofoil is attached to an oscillating arm and the motion is caused by 
the tidal current flowing either side of a wing, which results in lift. This motion can then 
drive fluid in a hydraulic system to be converted into electricity. The Stingray device, 
produced by Engineering Business Ltd is one of this type of device (Figure 2.8) 
                                                                                                                                                                           
Figure 2.8 : Oscillating hydrofoil (Stingray, Engineering Business Ltd) 
2.2.1.4 Vertical Axis Turbine 
This technology extracts energy from moving in a similar fashion to that above, 
however the turbine is mounted on a vertical axis, as shown on Figure 2.9 with the 
device from New Energy Corporation.  
 
Figure 2.9 : Vertical axis turbine (New Energy Corporation) 
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2.2.2 Power harnessed from a tidal stream turbine 
Tidal turbines have the same behaviour as wind turbine, and so the power harnessed 
from marine current turbines can be calculated in the same way as a wind turbine, 





           (2.1) 
 
Where the density of the fluid is ρ , A  is the area swept by the turbine and tideV  is the 
velocity of the tidal stream. However, several losses imply that the full power can not 




         (2.2) 
 
pC  is the power coefficient and it basically represents the percentage of power which 
can actually be extracted from the turbine [3]. It cannot exceed the value of 0.593, 
according to the Betz limit.  
2.3 The DeltaStream Concept 
2.3.1 The device 
The DeltaStream device is a nominal 1.2MW unit which sits on the seabed without the 
need for a positive anchoring system. It generates electricity from three separate 
horizontal axis turbines mounted on a common frame (Figure 2.10). The use of three 
turbines on a single, circa 30 m wide, triangular frame produces a low centre of gravity 
enabling the device to satisfy its structural stability requirements, including the 
avoidance of overturning and sliding 
Situated at a depth of about 35 m, the location has been chosen for its tidal stream 
which reaches up to 4.5 m/s in spring tides. So the name illustrates well the concept of a 
delta shaped structure built to make electricity from tidal stream.  
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Figure 2.10 : Artistic impression of DeltaStream structure. 
2.3.2 Location 
DeltaStream prototype will be commissioned in Wales in Pembrokeshire between St 
David’s point and Ramsey Island (Figure 2.11), where tidal stream can reach 4.5 m/s, 
but most of the time, tidal stream are more between 2 and 3 m/s. 
 
Figure 2.11 : Chart of Ramsey Sound and picture of St David’s point 
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2.4 Rationale of the research  
Because several forces will act on the device structure, if the frame is not anchored to 
the sea bed, the frame will move with the highest tidal currents due to the drag created 
by both the frame and turbines. An estimation of forces acting on the device has to be 
performed to know how much the anchoring system has to counteract these forces. 
The device is assumed to have a weight force of some 250 tons in water. The drag 
produced by the frame is mostly the drag around circular pipes, and can be estimated 
through theoretical calculation of drag around a cylinder (§3.4 and 6.2.3) for several 
tidal current velocities (Table 2.1). For this study velocities between 2 and 4.5 m/s are 
considered, which means approximately between 4 and 9 knots. It is obvious that 9 
knots is too high to be a steady tidal current velocity, but it is used here because it can 







Table 2.1: Drag on the frame depending on the tidal current velocity 
The drag produced by the three turbines can be roughly estimated from the Rankine-
Froude actuator disk model [3]. In this method, the rotor is replaced by a circular 
surface of zero thickness, representative of an infinite number of blades, and to which a 
pressure difference is applied. From this model, the drag can be calculated as follows 
for steady loads: 












Drag on the 
frame (Tons) 
2.00 1.37 5.16 
3.00 2.06 11.60 
4.50 3.09 26.10 
                                   
 





the undisturbed tidal velocity and V is the velocity decrease induced by the 




is 1/3, and with this value, the drag induced by the 







Drag by the 3 
turbines 
(Tons) 
2.00 1.73 71.95 
3.00 2.59 161.88 
4.50 3.88 364.23 
 
Table 2.2 :Drag induced by the three turbines, depending on the tidal current velocity 
Hence the drag force evolution chart, representing the drag induced by the frame and 
the drag induced by the three turbines can be plotted for several velocities (Figure 2.12). 
 
Figure 2.12 : Evolution of drag produced by the frame and the 3 turbines, versus tidal 
current velocities at the sea surface 
When adding the drag on the frame and the drag induced by the three turbines, it is a 


















Velocity at the sea surface (m/s)
Drag versus velocity at the surface
Drag on the frame Drag induced by the 3 turbines
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arrow on Figure 2.13). On the other hand, the friction coefficient is estimated to be 
between 0.45 and 0.75, with a safety factor of 1.35. So the friction coefficient is 
between 0.33 and 0.55 when including the safety factor, which means that with a 
weight of 250 tons, only a percentage between 33 and 55% is actually transmitted to the 
ground, which represents between 79 and 137 tons (cf black arrow on Figure 2.13). The 
difference between the total drag and the weight transmitted to the ground is calculated 
to get the lift force necessary to maintain the structure at its location (Table 2.3). 
 
 Total drag 
(frame + turbines) (in 
tons) 
Range of weight force 
(tons) 
Necessary Lift (tons) 
U = 2 m/s 77.11 79 - 137 0 
U = 3 m/s 173.48 79 - 137 40 - 94 
U = 4.5 m/s 390.33 79 - 137 253 - 311 
 
Table 2.3: Necessary lift to maintain the structure at its location for different velocities 
and different coefficient of friction. 
 
Figure 2.13 : Direction of the tidal current (in blue) and forces acting on the structure. 
Drag in red, weight in black. (Tidal Energy Ltd) 
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Therefore the structure would not need a downward lift for a velocity of 2 m/s, but to 
resist the highest velocity peaks of 9 knots, between 253 and 311 tons of downward lift 
force would have to be produced by the hydrofoils.  
However this vision of the situation is too simple, because the loads considered are the 
main loads but additional parameters such as wave loads, or the dependence of the 
turbine loads versus the current velocity should be taken into account. This estimation is 
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Chapter 3: Literature review 
3.1 Background 
The rise and fall of the sea represents a vast and relentless phenomenon. Since the 
Middle Ages, tides are used to provide energy, through small tidal mills on rivers. In 
1921, the idea of building a much bigger tidal barrage in La Rance in France emerged. 
In 1966 the construction was completed and a year later the plant was able to provide 
electricity to the network [5]. 
Because it changes the flow regime and creates an impact on the environment, the idea 
of using conventional tidal barrages was then progressively replaced by increasing 
research in hydrokinetic systems since approximately 20 years [11]. This type of small 
underwater and offshore systems, using the natural tidal currents, doesn’t alter 
significantly the flow pathway, since “10% of the raw energy flux produced by the tide 
can be extracted without causing undue modification to the flow characteristics” [6]. 
Being installed offshore and underwater, they seem to have a lesser visual and 
environmental impact than tidal barrages. Tidal streams are mainly driven by the moon, 
and so it makes this potential much more predictable than wind, solar or wave energy, 
which conditions can only be forecasted few days or hours ago. Furthermore, these 
devices are quite light, and there are many potential sites across the world, as listed 
recently through preliminary assessments. [14][34] 
However, the negative side of this kind of systems is to be exposed to rough offshore 
conditions like “corrosive salt water, fouling growth and abrasive suspended particles” 
[25] and the access for maintenance is more difficult. [38] Another point is that 
hydrokinetic system projects didn’t get the commercial scale yet, because of the “low 
energy density produced, which is still between one and two orders of magnitude of the 
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energy produced with a same diameter turbine in a tidal barrage” [7]. Hence, the price 
per MW is high to match economical criteria at a commercial scale [9]. 
All these advantages, and the willing to minimise disadvantages are encouraging the 
research in hydrokinetic systems, and in this frame, seventy-six devices which can be 
used for tidal current and river stream have been listed in 2009 both in academia 
research projects and in companies [21].  They all can be ranged in two types of 
technology: 
- Tidal current turbines (vertical or horizontal axis) 
- Tidal stream generators (oscillating hydrofoil, vortex induced vibration) 
The last category appeared recently, and they are more about the proof-of-concept stage 
whereas the first category has already the non negligible experience of wind turbines, in 
particular theory and methodology for tidal turbines can be widely inspired from wind 
turbines. [25] 
Hence, the first full scale prototype to be installed in 2003 was a horizontal axis turbine 
from Marine Current Turbine Ltd (MCT Ltd), just followed by Hammerfest Strom. In 
2008, MCT installed its 1.2 MW SeaGen tidal system in Stangford Narrows, Northern 
Ireland and in 2009 it became “the first-ever marine renewable energy project to be 
accredited by the UK energy regulator and so will receive payment for the power it is 
generating” [39]. 
3.2 Typical flow regimes around a circular cylinder 
Before reaching this stage, the goal of this project is to model the flow around the 
horizontal pipes of the structure, to characterize the flow regime from laminar flow to 
turbulent wake, going through Karman vortex shedding [27]. The pipes are circular 
when hydrofoils are not set on them, and that’s why knowing the behaviour of the flow 
around cylinders can be interesting. Furthermore, the flow around a circular cylinder 
constitutes the validation case of CFD runs, and knowing the theory is essential to 
estimate CFD results. 
To describe the flow around a circular cylinder, the main parameter is the Reynolds 
number (cf §4.2.1). A picture of different flow regimes is shown in Figure 3.1. 
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• For a Re<1, the flow is symmetrical and the problem is laminar. There is no 
separation behind the cylinder. 
• For 10<Re<40, a steady separation behind the cylinder starts to appear. The 
length of this separation increases with the Reynolds number. 
• For 30<Re<50, downstream instabilities are added to the steady separation just 
behind the cylinder. 
• For 50<Re<150, the Karman vortex street starts to be created in the wake, and 
for 80-90<Re<150-300 a pure periodic vortex shedding is observed, as a result 
of boundary layer vortices being shed alternately from either side of the 
cylinder.  
• For a flow with a Reynolds number between 300 and 2.105, the fow is said to be 
subcritical, there is still a laminar separation on the cylinder and turbulent 
vertices are observed downstream. The wake starts at about 80° from the 
incoming flow direction. The frequency f of the vortex shedding can be 
calculated by using the Strouhal number: 
19.70.198 1
Re
St  = − 
 
        (3.1) 
and     fDSt
U
=
                  (3.2) 
• Between 2 and 6.105, the flow is said to be critical, it’s the complex phenomenon 
of laminar separation, reattachment, and then turbulent separation which 
explains the important decrease of the drag coefficient curve versus the 
Reynolds number. The wake starts at about 120° from the incoming flow 
direction. 
• For 6.105<Re<3.106, the supercritical flow is characterized by a wide turbulent 
wake behind the cylinder and downstream. 
• For Re>3.106 , the flow is said to be transcritical, the separation on the cylinder 
is turbulent, and there is a turbulent wake downstream, with vortex shedding 
again. 
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The Reynolds number found in §4.2.1 shows that the flow expected would be the last 
one in our validation case of a circular cylinder. 
Re < 1
Re 10 - 40                                                        
L raises with Re
Re 30 - 50                                            
Downstream instabilities
laminar separation       vortex shedding
Re 50 - 150                                                    
Von Karman street vortex 
shedding
laminar separation       turbulent vertices downstream
Re = 300 - 2.105                                      
Subcritical flow
laminar separation    Reattachment   turbulent separation
Re = 2 - 6.105                                        
Critical flow
wide turbulent wake
Re = 6.105 - 3.106                       
Supercritical flow
turbulent separation      turbulent wake downstream
Re> 3.106                                      
Transcritical flow
  
Figure 3.1 : Flow regimes around a circular cylinder depending on the Reynolds 
number [28] 
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A lift force on a circular cylinder can occur in the following circumstances which are 
outside the scope of this thesis: 
• Asymmetrical cross-section: 
 Lift and drag forces and torsional moment on slender structures with asymmetrical 
cross-section (relative to the flow direction) can lead to large amplitude galloping and 
flutter [4] 
• Wake effects: 
The velocity field in the wake of one or several cylinders is non-uniform. Position 
dependent lift and drag forces on a cylinder in the wake may lead to wake induced 
oscillations. 
• Wall effects: 
The asymmetrical flow past a cylinder close to a wall gives rise to a non-zero lift force. A 
narrow gap between the cylinder and the wall leads to increased velocity and reduced 
pressure in the gap with a resulting lift force acting towards the wall. 
• Vortex shedding. 
The lift force due to vortex shedding oscillates with the Strouhal frequency.  
3.3 Theory of lift 
Once the study of the circular cylinder is done, the horizontal pipes with hydrofoils set 
on them are studied. To understand how the hydrofoils will produce a downward lift to 
replace a traditional mooring system, the theory of lift is summarized. The generation of 
lift is associated with the circulation, and this concept needs to be explained. The 
circulation concept means that the flow has a component of rotation. Indeed when the 
flow arrives on the hydrofoil, the shape of the hydrofoil deviates the flow and creates a 
circulation. The circulating flows can be resolved as a uniform irrotational part and a 
circulating part, and it implies the existence of vorticity when there is circulation in a 
flow [18]. 
 A fluid flow can hence be represented with parallel streamlines added to circulation 
around a wing. On the suction side of the wing, this circulation is in the same direction 
as the undisturbed air flow, and in this area, the undisturbed air flow and the circulation 
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are added one to the other. On the pressure side of the wing, the circulation is in the 
opposite direction of the undisturbed air flow, and so the circulation is subtracted to the 
undisturbed air flow.  
 
      Figure 3.2 : Illustration of the circulation theory of lift [40] 
This difference of the circulation between the suction side and the pressure side of the 
wing creates a difference of fluid velocity between the two sides of the wing: the 
velocity is higher on the suction side than on the pressure one. Hence, the difference 
between the lower pressure on the suction side of the wing and the higher pressure on 
the pressure side, results in an upward lift force [40].  
It’s on this idea that Zhukovsky bases the first successful aerofoil theory. From a 
complex plane iζ ξ η= + where a circle is plotted, a conformal transformation makes 
an aerofoil in the z x iy= +  plane. Indeed, in the ζ plane and using potential flow 
theory, a spinning cylinder in a uniform flow can be described by ψ , the stream 
function, as a combination of doublet (a source and a sink), a uniform horizontal flow 
and a line vertex. In the z plane, the spinning cylinder is mapped to a lifting aerofoil. 
Then when φ  is the velocity potential andψ is the stream function, the potential flow 
can be represented in a complex definition by iφ ψΦ = + .The conformal transformation 
applied by Zhukovsky can be expressed as: 
2C
z ζ ζ= +  
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Where C is a parameter, and this transformation is used to map the complex potential 
flow from the ζ  plane to the z plane, allowing the flow around the circle in the ζ  
plane to represent the flow around the aerofoil in the z plane.  
 
Figure 3.3 : Conformal mapping from a circulating flow around a cylinder to an aerofoil 
generating lift [18] 
Hence, results of the flow around a circle with circulation can be used for the 
knowledge of the flow around an aerofoil. Through this transformation, the Kutta 
condition must be respected: it means that the magnitude of circulation must be chosen 
in order to have the rear stagnation point on the trailing edge of the wing. So when the 
Kutta condition is respected, only one value of circulation exists for an aerofoil at an 
angle of attack. 
3.4 Drag and lift coefficients 
Now that the principle of lift is understood, it is shown that by fitting a hydrofoil to the 
pipe, the down-force is greater than the drag, so that the structure could stay in its 
location by an inverted lift effect. To show this, using drag and lift coefficients are 
necessary, and the lift coefficient is first explained. Theoretical lift coefficient can be 
calculated analytically, depending on the roughness of the cylinder and the Reynolds 
number, as shown by Hoerner [16]. The lift force can be calculated as follows:  
21 ( )
2lift L
F AC u yρ=
         (3.3) 
Where ρ is the density of sea water 31025 .kg mρ =  
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A is the characteristic area in m2, which means the projected area. In the case of a 
cylinder, A is equal to the diameter of the cylinder multiplied by its length. 
LC  is the lift coefficient.  
For the drag around a slice of pipe, it can be calculated the same way as the lift force, 
using the drag coefficient DC  and the velocity u(y): 
21 ( )
2drag D
F AC u yρ=
       (3.4) 









            (3.5) 
The shape of the drag coefficient versus the Reynolds number has been explained by 
Tritton (1977) [35]. Indeed, as can be seen on Figure 3.4, three different parts in the 
shape of the curve can be observed.  
 
Figure 3.4 : Drag coefficient versus Reynolds number for a circular cylinder [35] 
The first part of the curve is for Re between 10-1 and 102, and for these low Reynolds 
number, the drag coefficient approximation is : 




            (3.6)  
It means that the drag is proportional to the speed at low Reynolds numbers and hence 
this part of the curve is a straight line.  
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The second part of the curve is for Re between 102 and 3.105, the drag coefficient 
doesn’t vary much and the drag is proportional to the square velocity: 20dragF u∝ , so the 
drag coefficient is almost constant.  
The last part of the curve is for Re greater than 3.105. On this part of the curve a drop 
happens at 5Re 3.10≈ , and the drag decreases while the speed increases. This can be 
explained by the boundary layer which starts to be turbulent, and implies a transitional 
phenomenon of separation and reattachment of the boundary layer on the cylinder (cf   
Figure 3.1). The separation makes a drop of pressure behind the cylinder, and the 
difference of pressure between the front and the rear of the cylinder creates a drag 
which counteracts the viscous drag, hence decreasing the total drag. For 6Re 3.10≥  the 
fully turbulent separation of the boundary layer generates a bigger wake, the pressure 
drag decreases, and the total drag increases again, causing the increase of the drag 
coefficient. However, because of the proximity of the structure under study to the 
ground, the drag coefficient corresponding to the Reynolds number of the flow should 
be adjusted according to “Recommended Practice” from DNV [10] and as shown in 
paragraph 6.2.3.  
Estimating the drag around a circular cylinder is only the first part of the model, and the 
comparison between theoretical and CFD results constitutes a validation case. To 
decrease the drag and increase the lift, a profile, usually known as hydrofoil or aerofoil 
and characterized by a high lift-to-drag ratio should be used [15]. The lift to drag ratio 
is a dimensionless parameter, which allows comparing efficiency of different foils. It 
represents the amount of lift generated by the foil, divided by the drag when fluid flows 
past the foil. It is written as i rL D . In the case being examined, the lift to drag ratio 
target is not exactly defined, the goal is to get as most negative lift force as possible. 
3.5 Hydrofoil shape 
 Hydrofoils are mainly used in fast boats. The lift created allows the ship to plane, such 
that the hull drag is significantly reduced, meaning that the craft velocity can be highly 
increased. That is why papers in literature are mostly oriented to simulation of 
hydrofoils near the free surface, and no paper has been found about hydrofoil far from 
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the surface.  As a downward lift needs to be produced, the generation of high pressure 
on the top face and low pressure on the bottom face of the hydrofoil results in a 
downward lift force [8].  
Since to produce lift, a foil should have either an asymmetrical shape or be inclined to 
the flow direction, or both [35], foil design usually starts from a NACA profile. NACA 
means National Advisory Committee on Aeronautics and was the organization which 
preceded NASA. Parameters of drag and lift coefficient for several types of NACA 
profiles are described by Hoerner [17]. A NACA profile is characterized by four digits, 
one describes the maximum camber as percentage of the chord, one describes the 
distance from the leading edge of the maximum camber (in tens of percent of the chord) 
and two digits describe the maximum thickness of the foil as percent of the chord [20]. 
 
Figure 3.5 : NACA foil parameters [18] 
However, several constraints have to be respected in the foil design process. 
Geometrical constraints are the two meters diameter horizontal pipes around which the 
foil has to fit. This constraint imposes a huge maximum thickness of the foil. 
Furthermore, the foil has to be symmetrical to the y axis, since the tidal flow can be 
either in the +x or –x axis direction. This constraint is very important, since it imposes 
not to use a NACA profile, which can not meet this criterion. This constraint also 
prevents the introduction of an angle of attack between the flow and the foil. But the 
asymmetrical aspect of NACA airfoils to the x axis can be a source of inspiration to 
design a downward lifting foil for the DeltaStream structure. From this basis, numerical 
studies are performed to get more information about the lift produced by the designed 
shape. 
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3.6 Numerical methods 
To design a hydrofoil, several numerical methods exist: codes based on the Newton-
Raphson method can produce foil geometry from a prescribed pressure distribution, 
following physical constraints like the presence of a stagnation point [19]. The 
geometry can then be tested with panel methods codes, based on Zhukovsky’s theory of 
conformal transformation (cf §3.3). They are light numerical codes, using doublets, 
uniform flow and vortices distribution around the hydrofoil surface to model the flow 
around it. Lift and drag coefficients can be calculated from this method [41]. One of the 
most used panel method code is Xfoil, which is an open source code, developed 
originally for airfoils. The last tool which can be used is Computational Fluid Dynamics 
(CFD), which resolves the Reynolds Averaged Navier-Stokes (RANS) equations [36] 
and hence, is more accurate than other methods. Indeed, for the particular case of 
hydrofoils, results from CFD and from experiments reach a reasonable agreement, and 
the force exerted by the flow on the structure can be calculated directly with CFD [23]. 
For example, hydrofoils used on America’s cup boats are modelled in CFD [32]. 
Even if numerical methods are nowadays very trustable, wind tunnel experiments or 
towing tank experiments are still widely used. In this study, numerical studies have 
been used as a tool for preliminary studies on foil design. These results are then 
compared with tank testing results. However, the usage of appropriate model laws has 
to be undertaken to trust tank testing results. The scaling laws of similitude technique 
are based on the conservation of dimensionless parameters such as Froude number (cf 
§4.2.2) for hydrodynamic testing driven by gravity. However, the conservation of both 
Froude and Reynolds law simultaneously is not possible [30]. Hence, when the Froude 
similitude is chosen, the Reynolds number for the prototype is lower than at the real 
scale, and thus drag and lift coefficient can be misestimated. 
Being aware of the limitations of CFD results, it appears that tank testing does not 
always reflect what happens at a biggest scale, and so final CFD runs are performed to 
compare two different foil shapes both at full and prototype scale in CFD. Small scale 
results are then compared with tank testing results. 
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Chapter 4: Mathematical approach 
 
4.1 Governing equations of fluid dynamics 
4.1.1 Mass conservation 
A finite control volume V is defined by a surface control S and fixed in space. In this 
control volume there is another elemental volume Vδ  defined by a elemental surface 
control Sδ . The velocity perpendicular to the surface is V

. When the mass 
conservation principle is applied to these volumes, it means: 
 Which can be written as: 
B C=               (4.1)  
The net mass flow rate out of control volume through surface S, named B in the 
previous equation can be expressed as : 
.
S
B V dSρ= ∫∫
 
                   (4.2) 
And in the elemental volume Vδ the mass is Vρδ  and when integrated on the whole 
volume, the total mass is : 
V
dVρ∫∫∫              (4.3) 
In volume V, the time rate of decrease of mass, called C in Equation (4.1), is then: 
= 
Net mass flow out of 
control volume 
through surface S 
Time rate of 
decrease of mass 
inside control 
volume 
                                   
 





∂ ∫∫∫              (4.4) 














ρ ρ∂ + =
∂ ∫∫∫ ∫∫
 
           (4.6) 
Equation 4.6 is the integral form of the continuity equation. It can be transformed if the 
divergence theorem is applied : 
     
( ). .( )
S V
V dS V dVρ ρ= ∇∫∫ ∫∫∫
  
           (4.7) 
So by replacing Equation 4.7 in Equation 4.6, and because the control volume is fixed 
in space, integration limits are constant and the derivative sign can be moved under the 





ρ ρ∂ + ∇ =
∂∫∫∫ ∫∫∫







ρ ρ∂ + ∇ = ∂ ∫∫∫

                    (4.9) 
Because the volume control is chosen arbitrarily in space, the only way to have 
Equation 4.9 equal to zero is the integrand should be equal to zero in each point of the 
volume control, it means: 
.( ) 0dV V
t
ρ ρ∂ + ∇ =
∂

                   (4.10) 
Equation 4.10 is the continuity equation in the conservation form. After applying a 
model of volume control and surface control, the integral form (Equation 4.6) is 
obtained directly. After few mathematical manipulations, the differential Equation 4.10 
is obtained. 
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4.1.2 The momentum equation 
In this section, the fundamental Newton’s second law is applied to a flow. The physical 
principle of Newton’s second law being F ma=
 
 
If the x component of Newton’s second law is considered, it is written: 
x xF ma=                     (4.11) 
Where 
xF is the scalar x-component of the force and xa  of the acceleration. Forces can 
be either: 
- Body forces: they are acting on the mass of the volume control, it can be for 
example gravity. They can be written as: 
{ } ( )xBodyforces f dxdydzρ=                  (4.12) 
- Surface forces: they are acting on the surface control and can only be: the pressure 
distribution around the volume and the shear and normal stress created by the 
surrounding fluid. 
 
Figure 4.1 : Surface forces acting on a fluid element in x direction [1] 
Hence, surface forces acting in the x direction are summarized: 




 ∂  ∂    
= − + + + −     ∂ ∂      
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yx zx
yx yx zx zxdy dxdz dz dxdyy z
τ τ
τ τ τ τ
 ∂    ∂  
+ + − + + −     ∂ ∂    
   (4.13) 
So in the x-direction, 
xF  is the sum of equations 4.12 and 4.13: 
yxxx zx
x x
pF dxdydz f dxdydz
x x y z
ττ τ ρ∂ ∂ ∂∂= − + + + + ∂ ∂ ∂ ∂ 
            (4.14) 
When the right part of Equation 4.11 is considered, the mass can be calculated as: 
m dxdydzρ=                      (4.15) 






                     (4.16) 




Dt x x y z
ττ τρ ρ∂∂ ∂∂= − + + + +
∂ ∂ ∂ ∂                  (4.17) 
This is the component in the x direction for the momentum equations in viscous flows. 




Dt y x y z
τ τ τρ ρ∂ ∂ ∂∂= − + + + +




Dt z x y z
ττ τρ ρ∂∂ ∂∂= − + + + +
∂ ∂ ∂ ∂                  (4.19) 
Equations 4.17, 4.18 and 4.19 are differential equations of the momentum equations, 
obtained directly from Newton’s second law. These equations have been discovered by 
M. Navier and G.Stokes in the beginning of nineteenth century and they now have the 
name of Navier-Stokes equations. They can also be written as a conservation form: 
.
Du u V u
Dt t
ρ ρ ρ∂= + ∇
∂






ρ ρρ∂ ∂ ∂= +
∂ ∂ ∂
                   (4.21) 
And  
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( ) ( ) ( ). . .uV u V V uρ ρ ρ∇ = ∇ + ∇                     (4.22) 
So  
( ) ( ) ( ). .uDu u u V uVDt t tρ ρρ ρ ρ∂ ∂= − − ∇ + ∇∂ ∂
 
                (4.23) 
( ) ( ) ( ). .uDu u V u uVDt t tρ ρρ ρ ρ∂ ∂ = − − ∇ + ∇ ∂ ∂ 
 
                (4.24) 
And according to the continuity equation, the expression in brackets is equal to zero. 
And the Navier-Stokes equations can be written as: 
( ) ( ). yxxx zx xu puV ft x x y z
τρ τ τρ ρ∂∂ ∂ ∂∂+ ∇ = − + + + +
∂ ∂ ∂ ∂ ∂

              (4.25) 
( ) ( ). xy yy zy yv pvV ft y x y z
τ τ τρ ρ ρ∂ ∂ ∂∂ ∂+ ∇ = − + + + +
∂ ∂ ∂ ∂ ∂

              (4.26) 
( ) ( ). yzxz zz zw pwV ft z x y z
τρ τ τρ ρ∂∂ ∂ ∂∂+ ∇ = − + + + +
∂ ∂ ∂ ∂ ∂

             (4.27) 




τ λ µ ∂= ∇ +
∂





τ λ µ ∂= ∇ +
∂





τ λ µ ∂= ∇ +
∂





τ τ µ  ∂ ∂= = + ∂ ∂ 




τ τ µ ∂ ∂ = = + ∂ ∂ 




τ τ µ  ∂ ∂= = + ∂ ∂ 
                   (4.33) 




 often used. 
In a vectorial form, Navier-Stokes equations can also be written as: 
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+ ∇ ⊗ = −∇ + ∇ +
∂

   
                  (4.34) 
Where p is the pressure, τ

is the stress tensor and f

represents body forces. 
The terms of these equations represents the influence of local acceleration, advection, 
pressure gradient and viscous effect, and body forces such as gravity, which influence 
the trajectory of water particles. 
4.1.3 The energy equation 
The energy equation is based of the physical principle that energy is conserved. 




Which leads to: 
( ) ( ) ( ) .. . . . .e e p V V f V q r
t
ρ ρ τ ρ∂  + ∇ + = ∇ + − ∇ + ∂

    
        (4.35) 




the rate of heat lost by thermal conduction, r is 
the lost of heat by radiation by unit of volume. 
Physically, this equation defines the rate of temperature change of a fluid element 
because of the local acceleration derivative and the advection derivative. 
 
4.1.4 Turbulence equation 
All flows are totally described by the continuity, momentum, and energy equations 
described above, and they can be resolved analytically in some simple cases. However, 




∑ + Net rate of work done 
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industrial or practical flows have to be resolved numerically by CFD methods. Small 
disturbances can appear because of the fluid motion or induced by the surface 
roughness, where they will be amplified in the direction of the flow. That is what 
happens for a circular cylinder at high Reynolds numbers, when inertia forces are much 
more important than viscous effects. Small disturbances are then amplified and the 
turbulence starts to occur, which means that random fluctuations are existing in the 
fluid. One of the parameters fluctuating can be the velocity, which can be represented 
versus time as a mean velocity u , and from there, turbulent fluctuations 'u are 
oscillating around this mean value. Hence, this principle of formulating variables as the 
sum of the mean value and turbulent fluctuations can be applied to the equation of 
continuity and to the conservative form of momentum and energy equation [36]. For 
example, the momentum equation can be written as the sum of time averaged equation 
and additional terms known as Reynolds stresses and made of fluctuating components. 
This can be seen on Equation 4.36, written for the x component. 
( )2 ' '' u vU U U p U U uU V
t x y x x x y y x y
ρ ρ ρ µ µ ρ ρ    ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + = − + + − −   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
  (4.36) 
The time averaged equation is the same as the original momentum equation but with 
time averaged velocities. To take account of turbulence effects, the two additional terms 
on the right of the equation, called Reynolds stresses, are modelled. They are treated as 
additional viscous stresses, and hence Equation 4.36 can be written as: 
( ) ( )T TU U U p U UU Vt x y x x x y yρ ρ ρ µ µ µ µ
   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + = − + + + +   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
          (4.37) 
The instantaneous components are replaced by the mean velocity components and an 
additional turbulent viscosity is added to the viscosity, due to the turbulence of the flow. 
To complete the turbulence modelling, the turbulent viscosity can be found from the 
other flow variables [33]. 
That is why two differential transport equations are added to the system. These 
equations are similar to the momentum equations and describe the distribution of 
turbulent kinetic energy k and the distribution of the dissipation rate of k called ε . k  is 
defined as: 
                                   
 
MSC BY RESEARCH – SCHOOL OF ENGINEERING – OENA GROUP – CRANFIELD UNIVERSITY                                                                           36 
( )2 21 ' '2k u v= +         (4.38) 
These equations means that the rate of change and the advection transport of the 
turbulent kinetic energy k or the rate of dissipation of turbulent energy ε  equals the 
diffusion transport combined with the rate of production and destruction of k or ε . 
( ) ( ) ( ) T T T
est
k k k
uk vk wkk k k k P D
t x y z x x y y z z
υ υ υ
σ σ σ
∂ ∂ ∂      ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + + = + + + −     ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂     
 
               (4.39) 
( ) ( ) ( ) ( )1 2T T T estu v w C P C Dt x y z x x y y z z k ε εε ε ε
ε ε ε ν ν νε ε ε ε ε
σ σ σ
∂ ∂ ∂      ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + + = + + + −     ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂     
  
               (4.40) 
 where the production term  
2 2 22 2 2
2 T T
u v w u v v w w uP
x y z y x z y x z
ν ν
        ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂     
= + + + + + + + +             ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂                
(4.41) 
And the destruction term
estD ε= . 
1.0kσ = , 1.3εσ = , 1 1.44Cε =  and 2 1.92Cε =  
These adjustable constants have been are issued by data fitting for a wide range of 
turbulent flows [22]. 
When k and ε  are found by solving the differential transport equations, the turbulent 
viscosity is calculated by Equation 4.42, with cµ a constant which can be determined by 






         (4.42) 
This model is called k ε−  model and is chosen because its performance has been 
assessed against a number of practical flows, and especially because it predicts well 
shear layers and boundary layers. 
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4.2 Important dimensionless parameters 
4.2.1 Reynolds number 
The Reynolds number is a number used in fluid mechanics to describe the flow regime. 
This is one of the first parameters to calculate in a fluid-structure interaction study, 
because it is then used to calculate other parameters or to know if other parameters can 




            (4.43) 
With U : velocity of the flow ( 1.m s− ) 
D : characteristic length ( m ) 
υ
 : kinematic viscosity  2 1( . )m s−  
In cases met in this study, Reynolds numbers are between the order of 105 and 106 
4.2.2 Froude number 
In a flow, the Froude number characterized the relative importance of velocity forces 
compare to gravity forces. This number is used in free surface phenomenon, particularly 




          (4.44) 
4.3 Discretization and solution theory 
4.3.1 General principles 
A review of general principles of how the CFD code Ansys CFX works is performed 
here. Indeed, from the Navier-Stokes equations governing the flow to CFD results, the 
step of equations resolution has to be highlighted. 
Governing equations of fluid dynamics can have an analytical solution only for a very 
simple flow in ideal conditions. Then, a numerical approach must be adopted to find 
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solutions for real flows. Hence, equations are discretized in order to be solved by a 
numerical method. 
The domain where the flow needs to be resolved is split into a large number of control 
volumes through a mesh. Each quantity is conserved in each control volume where the 
equations are integrated on the volume [2]. This finite-volume method has been first 
introduced in two dimensions by McDonald in 1971 [26] and MacCormack and Paulay 
in 1972 [24]. It then extended in three dimensions by Rizzi and Inouye in 1973 [31]. 
If a mesh of a unit depth is considered, it can be represented in two dimensions as 
follows: 
 
Figure 4.2 : Control volume surface (Ansys-CFX theory guide) 
In the centre of each element of the mesh, the element face center defines a point.  
When there are several elements, points in the centre of the elements define a set of 
surfaces which defines the control volume. Control volumes are surrounding a node, 
where fluid properties and the solution of variables are stored. 
Governing equations are then discretely approximated, on a base of series expansion 
approximations of continuous functions, such as the Taylor series. This approximation 
has an order-accuracy, which can be estimated by the factor of the timestep in the 
largest term truncated or the mesh spacing exponent. Most of the time, the order-
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accuracy is the order of the first term truncated from the approximation. Increasing the 
order of accuracy by using more terms in the approximation is not always a good idea, 
since it increases computational needs, and it can imply a less robust behavior of the 
code, which means that numerical instabilities can develop.  
 Differential equations are then integrated over a control volume and solutions are 
stored at the mesh nodes. The operation is repeated until the convergence criteria or the 
maximum of iterations is reached, as can be seen on Figure 4.3. 
 
Figure 4.3 : Process used to reach solution of the flow in Ansys CFX (Ansys-CFX 
theory guide) 
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4.3.2 Convergence 
It is considered that the flow solution can be trustable only if the run is converged, but 
what does convergence mean?  
Stability and consistency are two necessary and sufficient criteria to obtain 
convergence. The stability is verified if errors are not propagated and amplified through 
the numerical solution process, this condition avoids the code to diverge. Consistency is 
when the truncation error approaches zero when the time step or the mesh spacing 
approaches zero [36]. 
A numerical method is said to be converged if the algebraic equations system has a 
solution approaching the true solution of the partial differential equations. In other 
words, the computed solution from discretized equations should approach the exact 
initials partial differential equations. For iterative solving, (used in CFD runs), the 
errors of the discretized equations are called residuals and are monitored on each time 
step. To say that the numerical process is converged, these residuals must be below the 
residual convergence criteria set for the run, on each node, and adding more iterations 
to the run must not change the solution. In order to get a satisfactory convergence, the 
residuals are supposed to decrease as the numerical process goes on.  
4.3.3 Accuracy 
If the mesh is refined enough, the accuracy of the solution, is the same as the order-
accuracy of the equations approximations, this means it is the order of the first 
truncated term in the Taylor series approximation. To increase accuracy, a higher order 
approximation can be used in accordance with a more refined mesh. However, an 
accurate configuration can be insufficient for a more complicated case. Hence, the best 
way to get an accuracy solution is to perform a grid independency study, to determine 
the better mesh configuration, keeping in mind computational efficiency of resources. 
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Chapter 5: CFD modelling 
5.1 Introduction 
The software package used in this study to perform CFD calculations on the hydrofoils 
is ANSYS-CFX V11. CFX is based on a Reynolds Averaged Navier Stokes (RANS) 
finite-volume solver. The mains characteristics of this simulation are unsteady, one 
phase flow, and use of a velocity profile and boundary layer meshing. 
The main characteristics of the calculations performed for each stage of the process are 
presented in this section. Geometry and meshing considerations are shown first, then 
parameters for pre-processing stage, solver features, convergence and post-processing 
point of interests. 
5.2 Geometry and meshing 
5.2.1 Choice of Geometry 
The first task is to define the size of the domain, depending on the size of the structure 
in this domain. If the domain is too small, the flow is not established when it leaves the 
domain. If it is too large, it has more nodes and a longer calculation time for results 
with no added benefits. Several first tests were performed to get the optimum size of the 
domain depending on the number of nodes and the results. It was decided to use a 40 m 
length, 35 m depth and 0.04 m width domain, which is a quasi-2D model to perform 
studies on foil shape design. When running the full delta shape, the domain is much 
larger, of 130m length by 35 m depth and 75 m width. 
The axis basis is situated in the centre of the foil. The positive y-axis is oriented in the 
surface direction. Hence, when a lift result is positive, it means the lift is generated 
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upward, in the surface direction, whereas when the lift is negative, it is generated in the 
direction of the sea floor, which is what is expected. 
5.2.2 Choice of Mesh 
Being interested in drag and lift force, viscous effects around the structure have to be 
perfectly described. The choice of using a boundary layer mesh around the structure is 
made. From there, a size function is applied, so the fine mesh near the structure can rise 
slowly to a coarser shape elsewhere. The mesh is structured using a Cooper scheme. A 
mesh sensitivity study is performed to get the better compromise between number of 
nodes, calculation time and quality of results (cf § 6.3.1.2). 
5.2.3 The Boundary Layer description 
To represent correctly viscous effects near the foil, the numerical simulation has to take 
into account viscous effects at the wall and to resolve the rapid variations of flow 
variables that occur in the boundary layer region. This near wall region can be divided 
in two regions: the closest one from the wall is called the viscous sub layer, where the 
flow is almost laminar and the dominant role in momentum and heat transfer is played 
by molecular viscosity. Further away from the wall, turbulence dominates the mixing 
process in the logarithmic layer. Between those two regions, a transition region called 
buffer layer is a place of equal importance for viscous and turbulence effects.  
With a k ε−  turbulence model used in this study, the flow is modelled in the boundary 
layer by a function called “wall function” and integrated in the code. This function is 
based on the idea that a logarithmic profile approximates well the velocity distribution 
near the wall, and then, at a given distance from the wall, a log law provide a mean to 
compute the fluid shear stress as a function of the velocity. The wall function method 
does not actually resolve the boundary layer but uses empirical formulas that impose 
suitable conditions near to the wall. 
For accurate boundary layer computations, minimal requirements have to be satisfied 
when describing the boundary layer mesh, such as the distance of the first node from 
the wall, the spacing between nodes and the number of nodes in the boundary layer. 
The y+ parameter is based on the distance from the wall to the first node and the wall 
shear stress, and is defined as follows: 
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u yy τρ
µ
+ =             (5.1) 
Where the friction velocity uτ  can be written: 









            (5.2) 
And the average wall shear stress 
wτ : 







            (5.3) 
  
And the friction coefficient fC : 





=               (5.4) 
So 






w Uτ ρ=            (5.5) 
  
And 




u Uτ =             (5.6) 
And finally 











           (5.7) 
For the structure considered, a 11y+ = is chosen. This value is based on experience of 
engineers in CFD. More generally, a y+ chosen between 1 and 50 allows a small 
enough distance between the wall and the first node to produce accurate results. Hence, 
a value in the order of 10 produces very good results for the description of the boundary 
layer. 
And 3 2 11,5.10 . .kg m sµ − −=  for water at 5°C 
31000 .kg mρ −=  
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13 .U m s−≈  velocity near the foil . 
Re is the Reynolds number and it varies for cases considered in the study. 
Once the distance of the first node from the wall is calculated, a growth ratio factor 
between 1.2 and 1.4 is set with a number of nodes of approximately 10, to reach the 
boundary layer thickness calculated as follows: 






           (5.8) 
5.3 Pre-processing stage 
5.3.1 Boundary conditions 
Boundary conditions were applied on the seven surfaces of the domain. As can be seen 
on Figure 5.1, INLET, OUTLET, BOTTOM, TOP, SIDES and PIPE are the name of 
the surfaces to set the boundary conditions. 
• At the INLET, the condition of velocity inlet is set, and then a file with the 
characteristics of the velocity profile described at §5.3.2 is set as input.  
• At the OUTLET, the condition of OUTFLOW is set with an average static 
pressure of 300000 Pa or a mass flow rate. 
• On the BOTTOM and PIPE, a condition of no slip smooth wall is set. This 
means that the roughness is small on these boundaries, and it is the same for the 
bottom and on the structure. 
• On the TOP, a condition of free slip wall is set, which means that the free 
surface can be represented as a wall boundary condition but without any 
roughness. A free surface boundary condition is not used to simplify the case, 
and because this boundary condition wouldn’t bring additional information 
since the underwater structure is deep enough not to interfere on the free 
surface. 
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• At SIDES, a condition of symmetry is applied.
very small thickness for the domain, and having a quasi
representing the 36 m length of the pipe.
Figure 
5.3.2 A special boundary condition
To replicate tidal flows, a velocity profile has been created
sea, the velocity at the sea floor
floor, and is maximal at the sea surface. Between the 
velocity has a profile which can be defined by a numerical expression. 
profile used is a turbulent profile, commonly used when designing a tidal turbine. The 
velocity profile is calculated in each vertical point as follows:
h : Depth of the sea  
y : Vertical position of the point where the velocity is being calculated
U∞ : Maximum velocity at sea surface
INLET 
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For a maximum velocity at sea surface of 4.5 1.m s− , and a depth of 35 m, this is the 
velocity profile: 
 
Figure 5.2 : Velocity profile for a depth of 35 m and a maximum velocity of 4.5 1.m s−  
The Matlab script written to compute this velocity profile and the output velocity 
profile file are shown in Appendix 2. 
5.3.3 Simulation type 
For all simulations, the steady case was run first. But because of alternately vortex 
shedding in the wake of the cylinder, a picture of the flow taken at a time t won’t be the 
same as a picture taken at a later time. This is the characteristic of unsteady flows and 
so the simulations are then run in unsteady mode. To run an unsteady case, a file, 
describing the initial conditions issued from the steady run results, needs to be loaded. 
For the unsteady run, the total simulation time and the timestep need to be set up. To 






          (5.10) 
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With U the velocity near the pipe, d∆  the finest mesh size near the pipe and t∆ the 
timestep. Another important parameter is the number of outer loop iterations performed 
during one timestep. As shown on Figure 4.3 in §4.3.1, outer loop iterations are 
iterations performed during one timestep and a sufficient number of outer loop 
iterations allows a better convergence of unsteady runs. 
5.4 Solver stage 
The high resolution advection scheme is used here, because of the high velocities and 
high gradient velocities considered. The second order backward Euler is applied for 
transient scheme. The k-ε turbulence model was chosen for the computations as it is 
robust, handles rotational flow and changes in turbulent length scale well, and is an 
industry standard, allowing for fair comparisons to previous computations. 
A number of between 10 and 500 maximum coefficient loops is set in convergence 
control, depending on the case considered and its ability to converge quickly or not, and 
a residual target of 1.10-6 is requested as the convergence criteria. This is a factor of 
hundred lower than the default setting, as it is felt that the flow pattern is of greater 
importance for unsteady flows. 
 As only residuals are plotted in Ansys-CFX Solver, a checking of the drag and lift 
force evolution needs to be performed from a monitor file in the pos-processing stage: 
when drag and lift forces reach regular oscillations, with a constant mean, the run can 
be considered as converged. 
 
5.5 Post-processing stage 
A first view of results can be obtained with the post-processor included in Ansys CFX: 
velocity, streamlines or vectors can be plotted on a plane to have a visual representation 
of the flow around the structure. But for accurate results, to have data of the forces 
(such as drag and lift force) exerted on the structure at each timestep, a monitor options 
file is written. Indeed, much information are written is this file, like the force and 
moment exerted in all direction and on all boundary conditions. So to get the main 
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interesting information, which is the drag and lift on the structure, the file needs to be 
post-processed, to get the full drag, the drag in the x and y direction need to be added, 
and the same operation is performed for the lift. This operation is carried out with the 
help of a Matlab script, and drag and lift evolution charts are also plotted (cf Appendix 
3). For unsteady runs, drag and lift evolution charts allows monitoring the convergence 
of drag and lift coefficients, and help to decide if the numerical process is converged. 
Indeed, drag and lift coefficient residuals, which are plotted with Fluent, are not in 
CFX, and hence, this technique is required to check unsteady runs convergence. 
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Chapter 6: Validation calculations  
6.1 Introduction  
Because the case of the circular cylinder has been the subject of a large number of 
studies, from the theoretical point of view to numerical ways, in CFD or in panel 
method, it makes a good validation case to start the studies. The presentation of the case 
is first performed, with geometry and mesh parameters. Then, parameters used in the 
set-up of the case are described, and to finish results are shown in a last section. For the 
particular case of the cylinder, lift and drag results with two different boundary layer 
meshes are shown and compared to theoretical results, then a sensitivity study on the 
number of nodes in the mesh is performed, then the influence of the velocity on the 
quantity of lift force generated is presented, and a visual description of the flow from 
CFD results is made and compared to descriptions found in literature. 
6.2 Geometry and set up 
The considered geometry is quasi-2D, it uses a 2m diameter cylinder, the centre of 
which is situated 2.5 m from the sea floor. The domain used is 35m depth by 40 m long 
and since it is symmetrical along the height of the cylinder, only a 4 cm wide slice is 
modelled, to reduce the number of nodes. A boundary layer is set up (cf § 6.2.2) and the 
mesh is growing up gradually from this boundary layer to a coarser mesh through a size 
function. 
The case ran with a velocity profile of 4.5 1.m s−  at the sea surface at inlet, and an 
average pressure of 300 000 Pa at the outlet. It ran first steady and then unsteady, with a 
k-ε turbulence model. The others important parameters are calculated here. 
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6.2.1 Reynolds number 
For the studied structure, the cylinder centre is situated at 2.5m from the sea floor. At 
this depth, the velocity is u=3.09 1.m s−  according to the velocity profile law. D, the 
characteristic length is the diameter of the pipe and is 2 m. And υ  the kinematic 
viscosity is 6 2 11,520.10 .m s− − if the water is at 5°C . 
So at 5°C, 6Re 4,06.10=  and the flow around the pipe is turbulent. 
6.2.2 Boundary layer 
Knowing the Reynolds number for the flow around a cylinder case, the parameters used 
to build the boundary layer mesh from § 5.2.3 can be calculated: 
41,5.10y m−=  is the distance of the first node from the wall. 
23,7.10 mδ −=  is the boundary layer thickness for the structure considered. 
To reach this boundary layer thickness from the first node, 14 rows in the boundary 
layer mesh are used, with a growth ratio of 1.4. 
6.2.3 Drag coefficient for a cylinder near a wall 
For a circular cylinder, the drag coefficient is calculated according to the following 
chart: 
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Figure 6.1 : Drag coefficient for various roughness of a circular cylinder for steady 
flow in critical flow regime [10]. 
The drag coefficient in infinite domain for the Reynolds number of 610  is about 0.33. 
This coefficient is multiplied by a correction factor for a cylinder close to a fixed 
boundary (cf Figure 6.2). 
 
Figure 6.2 : Influence of a fixed boundary on the drag coefficient of a circular cylinder 
[10]. 
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So the drag coefficient for the circular cylinder considered near a fixed boundary is 
1.08 1.08 0.33 0.3564d dC C ∞= × = × =  
From this theoretical drag coefficient, the theoretical drag force can be calculated, 
according to §3.4: 21 ( )
2drag D
F AC u yρ= . To estimate the velocity u, which depends on 
the depth, a constant value is taken as a first approximation. 13.09 .u m s−= , which is the 
velocity at 2.5 m above the sea floor. A is the characteristic area and is equal to D L× , 
with D=2m and L the length of the pipe (4 cm in CFD runs).  
So the theoretical drag force is calculated as 139.5dragF N=  for the slice of 4 cm. And 
for a pipe of 25 m length the theoretical drag force is then 87 200 N. 
6.3 Results  
6.3.1  Mesh size influence 
6.3.1.1 Boundary layer mesh 
Two different boundary layer meshes are tested here to show the importance of an 
appropriate boundary layer grid to describe viscous effects around the structure. As 
described in §5.2.3, the quality of the boundary layer depends on the y+ parameter. The 
first boundary layer tested has a y+ of 700 and the second one of 11.  
Y+ = 700 Y+ = 11 
             Figure 6.3 : Influence of y+ parameter on boundary layer mesh quality 
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For a 25 m length pipe, the comparison between the two meshes and theoretical results 
are shown in the following table: 
 
  Theoretical y+ = 11 y+ = 700 
Lift 0 -7 000 N -4 800 N 
Drag 87 200 N 86 000 N 91 000 N 
 
 Table 6.1 : Drag and lift around a 25 m cylinder for two different boundary layers 
These results show that the boundary layer built with a y+ equal to 11 produces a drag 
force which can be compared to the theoretical results. The lift force can not really be 
compared because of the shear flow induced by the velocity profile and the proximity 
from the ground which can influence the lift force. 
These results confirm the fact that viscous effects are better described with a thin 
boundary layer, in this case with a y+ equal to 11.  
6.3.1.2 Number of nodes, sensitivity study 
A sensitivity study is performed to find out the best mesh size to use for simulations. 
Three different mesh sizes are tested, from 25 000 nodes to 200 000. The drag 
coefficient is then computed for each simulation and a chart is plotted (cf Figure 6.4). 
The drag coefficient calculated theoretically in §6.2.3 is also plotted, to identify the 
point where the two lines meet each other, and obtain the best number of nodes for the 
simulations. 
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Figure 6.4 : Mesh sensitivity study 
It appears that the best number of nodes to match a result close from the theoretical one 
would be 200 000. Further simulations are then performed with a boundary layer 
described by a y+ of 11 and about 200 000 nodes. 
6.3.2 Velocity influence 
The influence of velocity on drag and lift force is shown for the flow around the circular 
cylinder. As the lift and drag force are dependant of the square velocity (cf §3.4), they 
both are more important for a greater velocity than for a slower one, as can be seen on 
the following table: 
 
  2 m/s 4.5 m/s 
Lift -900 N -7 000 N 
Drag 19 000 N 86 000 N 
 
Table 6.2: Drag and lift force for two velocities around the 25 m length cylinder 
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6.3.3 Comparison with theory
As can be seen on Figure 
in the last case of §3.2
cylinder. The wake does start at 120° from the incoming flow direction, as mentioned in 
§3.2.  
   Figure 6.5 : Vortex shedding and wake at 120° for a Re of 4.10






Table 6.3 : Drag and lift coefficient for two velocities around 
The drag coefficient obtained for a velocity of 4.5 m/s is 0.3515 and is comparable to 
the drag coefficient of 0.3564 
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6.5, the turbulent wake can be compared to the one observed 
. The wake is quite small and vortices are shed behind the 






obtained from theory (§6.2.3). 
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6.4 Conclusion 
The visual comparison between CFD results and theory for the flow around a cylinder 
shows a first point of agreement. This result is confirmed by more accurate results, with 
a boundary layer efficiently described, and a number of 200 000 nodes in the domain, 
the drag coefficient issued from CFD runs  for the flow around a cylinder also matches 
the theory presented in §6.2.3. Hence, parameters used in this chapter to perform CFD 
calculations proved to produce accurate results which are comparable to the theory. 
These parameters are used again to mesh and run CFD calculations of the flow around a 
hydrofoil, since both flows are in the same conditions. 
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Chapter 7: Design of a foil generating 
negative lift 
7.1 Preliminary studies of the hydrofoil 
7.1.1 Introduction 
After validating the case of a cylinder, the first stage of foil design can start. These 
preliminary studies are conducted to get some information about how parameters such 
as symmetry of the foil, distortion (or camber) of the foil, chord or distance from the sea 
floor are influencing the drag and lift force. 
7.1.2 Geometry and set up 
The size of the domain is the same as for the cylinder, with 40x35x0.04m. A boundary 
layer mesh with a y+ of 11 and a wall function are used to describe viscous effects on 
the foil, and a size function allows to the mesh to grow up from the foil to the domain 
boundaries. A typical mesh of 260 000 nodes used for these studies is shown in Figure 
7.1. 
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Figure 7.1 : Typical mesh used for preliminary studies on the hydrofoil 
The inlet is a velocity profile with a maximum of 4.5 m/s and the outlet is an average 
static pressure of 300 000 Pa. 
7.1.3 Comparison between ideal symmetrical and asymmetrical wing 
To start the shape optimization, a comparison study between a symmetrical and 
asymmetrical foil with a longer chord is performed. The symmetrical one is named A, 
and the asymmetrical one called B. These foils are made with ideal plates around the 
cylinder, it means that the plates do not have any thickness, as in an ideal case. Note the 
hydrofoil has to be designed so it fits around the 2m diameter horizontal pipe of the 
structure and also such that three hydrofoils can be accommodated on the structure. 
This can be achieved if the foil does not exceed 25 m length for a chord of 6 m. 
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A 
Figure 7.2 : Velocity field around the foil 
Since all cases are run unsteady, residuals in CFX do not show if the convergence is 
reach for drag and lift. To verify the convergence of the run, a plot of drag evolution 
versus time is performed. A first pa
time, and on a second part, values are oscillating around a stable mean value which 
means drag and lift are converged. This mean value is the one considered in results 
presented. For cases A and B, the plot
that the asymmetrical foil generates
one.  
A 
   Figure 7.
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B 
(A) : symmetrical foil ; (B) asymmetrical 
rt of the curves show a decrease of values versus 
s of lift force time series (cf    
 more downward lift force than the symme
 
B 
3 : Lift force on a 4 cm slice of foils A and B
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When the drag force time series is plotted (cf Figure 7.4) it appears that the 
asymmetrical foil B has a larger drag force than the symmetrical foil A. This result 





Figure 7.4 : Drag force on the 4 cm slice of foil A and B 
 
When the drag and lift force are multiplied to get values on the 25 m length foil, results 
obtained are shown in the following table: 
 
  A B 
Lift -25 000 N -223 200 N 
Drag 13 000 N 22 000 N 
 
Table 7.1 : Drag and lift for the 25 m length foil A and B 
Drag and lift coefficient are shown in Table 7.2. 
  A B 
Lift coefficient -0.0339 -0.3041 
Drag coefficient 0.0183 0.0301 
 
Table 7.2: Drag and lift coefficient for foils A and B 
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The following charts are generated by plotting now the pressure distribution on a line 
around the foil versus the x-coordinate divided by the chord: 
A 
B 
Figure 7.5 : Pressure one a line around foils A and B 
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These charts show that for a symmetrical profile (A), the pressure distribution is also 
symmetrical on both faces of the foil, whereas the difference of pressure on the two 
faces of asymmetrical profile B is more explicit and depends on the position on the foil. 
Indeed, for profile A there is almost no difference between the upper and lower face of 
the foil and the lift force is almost equal to zero. Around extremities of profile B, which 
means for x/c < 0.3 and x/c > 0.7, the pressure coefficient on the lower face is greater 
than for the upper face, and this can be seen as an upward lift on these parts of the foil. 
For the centre of the foil, which means for x/c > 0.3 and x/c < 0.7, the pressure 
coefficient is greater on the upper face than on the lower and this can be seen as a 
downward lift on this part of the foil. The total lift observed on the foil can be related to 
the difference of areas defined by the curve: the central area is greater than extreme 
areas and hence, the downward lift is greater than the upward lift, so the total lift is 
downward for profile B. 
 
 
7.1.4 Comparison between real asymmetrical wings. 
According to the idea that the lift force is greater for asymmetrical foils, when the 
distance along the bottom part is bigger than the distance on the top to induce an 
anticlockwise circulation and produce a downward lift, two asymmetrical profiles are 
now tested. The plates used to create the profile have now a thickness of 10 cm, to 
replicate the actual dimension of the foil when manufactured. To build a profile with 
this thickness, this one needs to be larger on the down part of the foil. 
The profile named C has the same construction points as profile B, but is built with 
plates of 10 cm thickness. Profile D is more distorted than profile C, since the sides 
points of profile D are 0.75 m above the cylinder centre in the Y direction, whereas side 
points of profile C are 0.5 m above the cylinder centre in the Y direction. 
  




The pressure distribution on a line around the fo
divided by the foil length
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: Velocity field around asymmetrical foils C and D
il is plotted versus the x
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-coordinate 
                                   
 





Figure 7.7 : Pressure distribution on a line around foils C and D 
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The central area defined by difference of pressure between the upper and lower face of 
foil C is not as big as foil D, whereas extreme areas are approximately the same. This 
means that foil D produces more negative lift than foil C. It can also be noted that in 
both cases, the peak corresponding to the lower point of the foil is centred on two drops. 
These drops in the curve are due to the geometry of the foils and the way they have 
been constructed can imply that they are not perfectly smooth.  
The results obtained from the interpretation of the pressure coefficient matches well 
with results presented in the following table for drag and lift force obtained for a 25 m 
length foil. 
  C D 
Lift 40 400 N  -59 000 N 
Drag 32 000 N  63 200 N 
 
Table 7.3: Drag and lift force for the 25 m length foil C and D 
 
  C D 
Lift coefficient 0.0553 -0.0806 
Drag coefficient 0.0436  0.0862 
 
Table 7.4: Drag and lift coefficient for foils C and D 
Hence, profile C provides an upward lift force, which is the opposite of what is needed. 
However, the more distorted profile (D), produces a downward lift force of 59 000 N 
for a 25m length foil. This force is equivalent to 5.9 tons of downward lift force for one 
foil. 
This is a start, but it is not enough to maintain the structure at its location. Indeed, 250 
tons of downward lift would be needed for a velocity of 4.5 m/s, and with foil D, about 
17.7 tons could be generated for the structure with the three foils. 
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7.1.5 Influence of the foil 
Regarding the poor downward lift force 
influence on the chord has been performed. The thickness of the plates is still 10 cm, 





Figure 7.9 shows the pressure distribution on a line around the foil
coordinate divided by the chord
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created by the previous foils
 length like profile C, the chord of profile E is now 10 m
E 
7.8 : Influence of the foil length 
. 
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C 
E 
Figure 7.9 : Pressure distribution on a line around foils C and E 
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It is clear that the difference of pressure between faces of profile E is valuable, and it 
takes effect on 80% of the foil chord compare to 45% for foil C. In the centre of the 
curve of profile E, a much bigger area is defined by the difference of pressure 
coefficient between the two sides of the foil than profile C. Hence, profile E can 
produce a much more important downward lift than profile C. 
This observation matches with results presented in the following table which show that 
the shortest and less hydrodynamic shape C produces an upward lift and a sizeable 
drag, compared to the long chord profile E. 
  C E 
Lift 40 400 N -726 600 N 
Drag 32 000 N 21 900 N 
 
Table 7.5: Drag and lift for the 25 m length foil C and E 
And associated drag and lift coefficient are presented in the following table: 
  C E 
Lift coefficient 0.0553 -0.5940 
Drag coefficient 0.0436 0.0180 
 
Table 7.6 : Drag and lift coefficient for foils C and E 
Unfortunately, and as shown in the previous paragraph, shape C cannot be used on the 
structure since it does not produce the required effect of downward lift. Shape E 
produces a sizeable downward lift, with its 10 m wide chord. But it can not be used 
either because 10 m wide is too large to be fitted on the triangular structure. It would 
require too much space and too much material to be built, and hence, shape E is more a 
proof of concept than a proper solution. 
 
7.1.6 Influence of the distance from the sea floor 
To understand why the lift force of shape C is upward, the centre of the same shape as 
been placed 10m away from the sea floor in case C2 while it was only 2.5 m in case C. 
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C 
Figure 7.10 : Influence of the distance from the 
Figure 7.11 shows the pressure distribution on a line around the foil
coordinate divided by the chord
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sea floor for shape C
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 versus the x-
                                   
 




Figure 7.11 : Pressure distribution on a line around foils C and C2 
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Areas defined by the pressure coefficient curve are approximately the same for foil C 
and C2. Areas of curve for foil C2 are slightly bigger than for foil C. But the general 
shape stays identical since the foil shapes are exactly the same.   
Results are shown in the following table, and the influence of the ground near the 
structure is not very big in the sense of quantity but the direction of the lift force is 
different. For a same foil shape a downward lift force is generated when the foil is far 
away from the ground whereas the force is generated upward when the structure is near 
the ground. 
  C C2 
Lift 40 400 N -10 500 N 
Drag 32 000 N 32 500 N 




Lift coefficient 0.0553 -0.0144 
Drag coefficient 0.0436 0.0443 
 
Table 7.8: Drag and lift coefficient around foils C and C2 
This information is important because it means that the lift would have been greater if 
horizontal pipes (and hence profiles) would be situated further from the sea floor. 
7.1.7 Conclusion 
The influences of three shape parameters have been tested: the distortion of the foil in 
ideal and real condition, the chord of the foil and the distance from the sea floor. It has 
been shown that all these parameters are influencing the quantity of lift generated by the 
foil, but the increase of the chord and the distortion are the most influent. 
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7.2 Shape optimization on the hydrofoil 
7.2.1 Introduction 
Preliminary studies showed that main parameters influencing the quantity of the lift 
force are the distortion and the chord of the profile. For cost reasons, the profile cannot 
be too large, because the larger the quantity of materials is, the more expensive the 
profile becomes. That is why different chord are tested, between the one of 6 m and the 
one of 10m tested in §7.1.5. The profiles which produce the best downthrust are kept to 
perform distortion studies on. 
7.2.2 Geometry and set up 
The geometry used is quite the same as in the last paragraph, meaning the size of the 
domain is still the same, with 40x35x0.04m. A boundary layer mesh with a y+ of 11 is 
used to describe the viscous effects on the foil, and a size function allows to the mesh to 
grow up from the foil to the domain boundaries. A typical mesh of 260 000 nodes is 
used for these studies. A velocity profile with 4.5m/s surface velocity is used and the 
outlet boundary condition is set as an average static pressure of 300 000 Pa. 
7.2.3 Results 
7.2.3.1 Chord optimization 
The foil dimensions can be defined by a ratio equal to the maximum thickness of the 
foil divided by the chord. The profiles tested in § 7.1.5 had a ratio of 1/3 (profile C) and 
1/5 (profile E). Since the profile C does not produce enough downward lift and the 
profile E is too large to be reasonably constructed, other ratios can be tested. Profile F 
has a ratio of 1/3.5 and profile G of ¼ . The pictures of the flow around the foils (Figure 
7.12) already show that profile G has a much better hydrodynamic shape than F. 
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F G 
Figure 7.12 : Profile F : thickness to chord ratio of 1/3.5. Profile G ratio of ¼ 
Figure 7.13 shows the pressure distribution on a line around the foil versus the x-
coordinate divided by the chord. 
  
                                   
 




Figure 7.13 : Pressure distribution on a line around foils F and G 
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The area defined by the difference of pressure coefficient between the upper and the 
lower face in the middle part of the foil is greater for foil G than for foil F. Foil F 
presents peaks value on the middle of the foil, which can be related to its shape, which 
is not as smooth as profile G on the higher and lower points of the foil. 
The results of the 7m and the 8.4 m profile are shown in the following table. The 
difference between the profiles is important, because by increasing by 20% the chord of 
the foil, the lift increases by 800%. 
 
  F G 
Lift -54 700 N -488 900 N 
Drag 22 000 N 18 100 N 
 
Table 7.9: Drag and Lift on a 22 m length profile of 7m chord (F) and 8.4 m chord (G) 
 
  F G 
Lift coefficient -0.0675 -0.5419 
Drag coefficient 0.0272 0.0200 
 
Table 7.10 : Drag and lift coefficient on foils F and G 
It’s then clear that for a reasonable size, the profile G, with a chord of 8.4 m, produces a 
much better downward lift than profile F. Hence, this profile should be tested for 
different distortion parameters. 
 
7.2.3.2 Distortion optimization 
In this section, profile G is tested with two distortion parameters, like in §7.1.4. Profile 
G has its side points 0.5m above the cylinder centre in the Y direction whereas profile 
H has its side points 0.7m above the cylinder centre in the Y direction. 
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G H 
Figure 7.14 : Profile G : 8.4 m chord, side at 0.5m. Profile H : 8.4 m chord, side at 0.7 
 
Figure 7.15 shows the pressure distribution on a line around the foil. 
  
                                   
 




Figure 7.15 : Pressure distribution on a line around foils G and H 
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The area defined by the difference of pressure coefficient between the upper and lower 
face of profile H is bigger than profile G and results matches well with this observation, 
as can be seen in the following table: 
 
  G H 
Lift -488 900 N -620 400 N 
Drag 18 100 N 24 700 N 
 
Table 7.11 : Drag and Lift of a 22m length profile. G: side at 0.5m. H: side at 0.7m 
  G H 
Lift -0.5419 -0.6864 
Drag 0.0200 0.0276 
 
Table 7.12: Drag and lift coefficient for foils G and H 
Results in the previous table show that the more distorted profile produces 25% more 
lift than the less distorted one. The results were expected, since the effect of distortion 
on the rise of downward lift force production has been shown in §7.1.4. Hence profile H 
is the profile which generates the most downward lift. 
7.2.4 Conclusion 
The optimum chord for the profile was found to be 8.4 m. From this chord, a distortion 
study showed that the more distorted profile H could produce 62 tons of negative lift on 
a 22m foil facing the flow while the less distorted one, profile G would produce 50 tons. 
The two foils behind the flow could probably not produce as much lift as the foil facing 
the flow, because they are in the wake of the front foil, and because they will have an 
inclination of 30 degrees compare to the flow direction. Hence, with profile H, the 
maximum lift generated would be 186 tons, whereas it has been shown in §2.4 that 
between 250 and 311 tons are necessary to maintain the structure at its location, but this 
amount of negative lift generated could still help to reduce the amount of dead ballast 
used in anchoring. 
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Profile H generates the biggest downward lift but it is not chosen to be built for tank 
testing, since the distortion could be a problem for manufacturing. Furthermore, 
connection between edges would be too sharp and the profile could be brittle. Hence, 
profile G is the one which is constructed for tank testing, since it is the foil shape which 
produces the most important downward lift and respects the cost and material 
constraints. 
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Chapter 8: Comparison of tank testing and 
CFD results 
8.1 Tank testing results 
8.1.1 Introduction 
Tank testing of the DeltaStream structure was performed in the IFREMER water tunnel 
in Boulogne sur Mer in July 2009, by Dr Florent Trarieux of the OENA group and Mr 
Christopher Freeman, who is a consultant with the turbomachinery group. Ifremer’s 
testing basin in Boulogne sur Mer is designed to test devices towed on the sea floor, 
submersed, anchored in deep water or floating on the surface. The basic principle is to 
provide a homogeneous water flow around the model or the device being tested. The 
latter is maintained in the channel by either a towing device or the force and 
behavioural measuring devices. The tank overall dimensions are a length of 34 m, a 
width of 5 m and a height of 9 m. The working section dimensions are a length of 18 m, 
width of 4 m and height of 2 m. With its free surface vertical loop with water flow, and 
two 250 kW propeller pumps, the tank allows to generate an adjustable speed from 0.15 
to 2 m/s. The goal of tank testing is to compare physical tests with results obtained in 
CFD, as it is still done in naval architecture and offshore engineering when designing a 
new structure. 
8.1.2 Installation and set up 
The DeltaStream structure is scaled to 1/30th and the Froude similitude is applied to 
make the link between full scale and small scale parameters, and hence, a range of 
velocities from 0.6 to 1m/s are tested. The foil design process, described in Chapter 7, 
through a series of chronological events, would have lead to the employment of the 
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8.1.3 Results 
A comparison of the lift and drag force obtained on the structure without and with 
profiles is shown respectively on Figure 8.3 and Figure 8.4. The lift force is calculated 
by adding the three components on each foot (top picture of Figure 8.3 and Figure 8.4). 
Positive values represent a compression on load cells, which means a negative lift, 
while negative values represent tension on load cells and indicate a positive lift. For the 
drag force, both starboard and port components must be added. 
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Figure 8.3 : Lift force (top picture) and drag force (bottom picture) measured on the 
structure without profile 
 
Figure 8.4 : Lift force (top picture) and drag force (bottom picture) measured on the 
structure with profile I 
Without any profile, an upward lift of 20 and 27 N is observed for the feet facing the 
flow, while a downward lift of 32 N is observed for the foot behind. With profiles I on 
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the structure, an upward lift of 35 N is observed for the feet facing the flow while there 
is a downward lift, of 42 N now, on the foot behind. The drag, around 130 N without 
profile, decreases until 110 N with profile I on the structure. 
8.1.4 Conclusion 
These results were not expected, since a very poor downward lift is produced by the 
structure, even with profiles on.  These results may be poor because of several reasons: 
it could be a problem of similitude between full scale and small scale structure. Indeed, 
the Froude similitude is generally used in naval architecture studies, because it takes 
into account free surface phenomena and gravity force, and hence it is used to model a 
structure in waves or when free surface effects are important. But when free surface and 
gravity are not governing the flow, as for hydro elastic behaviour of risers in the stream, 
other similitude relationships have to be considered. The Reynolds similitude, for 
example, respects viscous effects [28]. So the Froude similitude used here may be one 
cause of these unexpected results. Another reason could be the sharper edges on the 
small scale profile (profile I), which could make a difference from the results obtained 
in CFD on a similar shape with smoother edges (profile G).  
8.2 Complementary two dimensional CFD results 
8.2.1 Introduction 
Because of unexpected results obtained from tank testing, complementary two 
dimensional CFD runs are performed, to reach some understanding of the situation. 
CFD runs on profile I, (small scale and sharp edges) are performed to be compared with 
tank testing results, to make sure that CFD results are comparable to the tank testing 
results.  I2 profile (full scale and sharp edges) is also compared with profile G (full 
scale and smooth edges) to find out if the sharper edges can produce a significant 
difference of lift force compared to smooth edges. 
8.2.2 Geometry and set up 
The size of the domain is the same as for the one used in Chapter 7:, with 40x35x0.04 
m for the full scale domain. For the small scale domain, it is 2x1.16x0.04 m. The 
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boundary layer is described by a dedicated boundary layer mesh. The model employs a 
wall function formulation that dispenses with the need to resolve the viscous sublayer. 
The y+ is 11. A size function allows the mesh growing up from the foil to the domain 
boundaries. A typical mesh of 260 000 nodes is used for the full scale domain, and 50 
000 for the small scale one. 
A velocity profile with 4.5 m/s at the surface is used at the inlet boundary condition for 
full scale test, to be comparable with profile G at the same velocity. For small scale 
tests, the same velocity profile as the one measured in the water tank in Ifremer is used, 
with a surface velocity of 1 m/s. At the outlet, an average static pressure of 300 000 Pa 
is set in both cases. 
8.2.3 Results 
8.2.3.1 Comparison between small scale sharp foils and tank testing 
The plot of the pressure coefficient distribution on a line around the foil (Figure 8.5) 
shows that, contrarily to previous pressure coefficient plot, the pressure on the lower 
face on the foil is not smaller than the pressure on the upper face in the central peak 
area. The curve of the pressure coefficient on the lower face only crosses the one on the 
upper face in few points, making a very small area of negative pressure and hence of 
negative lift. Hence, this curve shows that the small scale profile produces a positive lift 
in CFD results. 
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Figure 8.5 : Pressure distribution on a line around foil I 
The CFD results for the small scale profile are a production of upward lift force of 
0.227 N on a 4 cm slice of foil, and 0.058 N of drag. To get the total drag and lift on the 
structure in CFD, some assumptions have to be made: 
- Foils of 20 m length were considered in full scale, which means that they are 0.667 m 
in small scale. So results on the 4 cm slice are multiplied by 25 to have the value on a 
one meter foil, and multiplied again by 0.667 to have the value on the foil facing the 
flow in tank testing scale. 
-  There are three foils on the structure, but each of the two foils which are not facing 
the flow is expecting to produce half of the lift force produced by the foil facing the 
flow. 
To get the total drag and lift produced by the structure in tank testing, values shown on 
Figure 8.4 are considered, and total lift and drag are calculated as follows: 
- For the lift, the resulting value is the sum of the individual components on each 
foot. 
- For the drag, both starboard and port components must be added. 
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Table 8.1 : Drag and Lift on the structure for tank testing and CFD results in small 
scale. 
When considering lift results, tank testing results show a small downward lift while 
CFD results are producing a very small upward lift. But the order of the quantity of lift 
produced is the same and around zero. For the drag force, results from tank testing are a 
bit more substantial than CFD results, but still in the same order. Small differences 
observed between both ways of estimating drag and lift can be explained because tank 
testing was performed on the whole structure with turbines on, whereas CFD results are 
only made on a very small slice of the foil and don’t consider the turbines. The main 
conclusion of this comparison is, when keeping in mind the structural differences in the 
two tests, CFD results seem to match tank testing results. 
8.2.3.2 Full scale comparison between sharp and smooth shape  
G I2 
Figure 8.6 : Full scale comparison between smooth (G) and sharp (I2) edges profile. 
 
  Tank CFD prof I 
Lift -28 N 7.5 N 
Drag 110 N 3 N 
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Figure 8.7 : Pressure distribution on a line around foils G and I2 
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The difference of shape appears clearly with the presence of peaks value on the sharper 
edges of foil I2, which decrease significantly the area defined by the difference of 
pressure coefficient between the upper and the lower face of the foil, representing the 
quantity of negative lift. Hence, the quantity of negative lift is much greater for profile 
G than for profile I2, while the only difference between these two foils is the sharp 
edges.  
The quantity of lift and drag generated by profile G and I2 is shown in the following 
table: 
  G I2 
Lift -488 900 N -187 000 N 
Drag 18 100 N 35 200 N 
 
Table 8.2 : Drag and Lift of a 22 m length full scale profile. G: smooth, I2: sharp. 
The comparison of two profiles of comparable shape, one being smoother than the other 
one, is very significant in that it highlights the importance small details can have on the 
overall hydrodynamic behaviour. As shown on Figure 8.6, the wake separation on 
profile I2 appears just after the bottom sharp edge, and creates a much bigger wake than 
profile G, with an oscillation of the wake behind the profile. In terms of drag and lift 
influence, profile I2 produces only 38% of the downward lift generated by profile G, 
whereas the drag of profile I2 is twice the drag generated by profile G. Hence, small 
changes on geometry can produce drastically different results in terms of hydrodynamic 
efficiency. 
8.2.4 Conclusion 
Tank testing and CFD results comparison in small scale shows that CFD produces 
consistent results, when comparable profiles are employed. Hence, even if tank testing 
does not validate the interest of foil “I” to produce downward lift, it does validate that 
CFD produces trustworthy results since they match together. Hence, CFD results have 
shown that in full scale, the profile I2 is not suitable to produce a sufficient quantity of 
downward lift, compared to a similar smoother shape. This happened because of 
sharper edges which create angles, and these angles encourage the wake to detach 
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upstream. The effect of angles on the pressure coefficient distribution has been shown 
since peak values are present where sharp edges create angles, and this feature shows 
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Chapter 9: Conclusion 
The main objectives of this study were to show that downward lift can be produced by 
fitting a hydrofoil to the delta structure and to study the influence of different foil 
parameters on the size of downward lift generated.  
 
The first stage of the hydrofoil investigation study showed that a distorted profile 
provides a larger downward lift force than a symmetrical profile. Hence, a more 
distorted shape can produce an amount of downward lift, which even if it is not enough 
to maintain the structure in its location can nevertheless help reduce the cost of 
traditional mooring by dead ballast such as concrete or steel.  
 
However, the performance of the deformed profile element is not enough to produce the 
expected downward force, because of the proximity from the ground which reduces the 
lift potential of the foil. One result presented in this study shows that a profile produces 
a lift force which is dependent on the distance above the ground. Hence, the further the 
profile is away from the ground, the greater the downward lift force is. An additional 
parameter which can be changed is the chord of the profile: as the profile chord grows 
so the lift rises and the drag decreases, showing that a longer chord profile has a better 
hydrodynamic shape to obtain the downward lift force.  
 
However, the requirements of the industrial project impose that an easy to build profile 
be used, structurally sound and not too expensive to construct. These requirements are 
essentially met by using the smallest amount of profiling material. The distance from 
the sea floor is set at 2.5 m for the prototype and can not be changed if foils are 
positioned on the horizontal structural pipes. These constraints imply that the profile 
shouldn’t be very distorted, because it would induce the occurrence of large regions of 
separated flow and lead to reduced negative lift, its chord can not be too large, because 
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it would imply a large quantity of glass fibre to be built, and if it is set on the horizontal 
pipes that make up the delta structure, it can not be further away from the ground, 
because the horizontal pipes are 2.5 m from the sea floor. 
 
Keeping in mind those aspects, only the profile chord could actually be changed, and a 
thickness to chord ratio of ¼ is shown to be the best compromise. Based on this shape, 
tank tests were performed, and the very small downward lift observed in these tests, led 
to further investigations being carried out to explain those results.  
 
Two major facts could be pointed out as the reasons of such a difference between tank 
testing and CFD results. First, the similitude law employed in tank testing can either 
conserve the Froude number or the Reynolds number. Here, the choice to conserve the 
Froude number could be the cause of a bad representation of viscous effects, and hence, 
of lift and drag forces. Second, the shape tested in the tank trials was slightly different 
than the shape modelled in CFD, it had sharper edges and these encouraged boundary 
layer separation.  
 
In order to examine if these hypotheses were correct, a number of additional runs were 
performed in CFD. In the first one the same geometry as used in the tank testing was 
modelled. The model had the same dimensions, the same profile with sharp edges and 
was simulated at the same velocity used in the tank tests. The numerical results showed 
the same order of results as those obtained in tank testing, and the difference can be 
explained by the presence or not of vertical piles with the turbines. The second run 
showed the difference of lift force between profiles having the same characteristics but 
one having sharper edges than the other. The sharp edges profile produced only 38% of 
the lift produced by the smooth edges profile. 
 
Hence, these additional runs show that the CFD runs are not the source of the 
discrepancy between the experimental tank testing and numerical results since when 
modelling the same thing, both results are in accordance. The CFD runs don’t prove 
that Froude similitude was a problem, but they prove that the profile shape needs to be 
smooth as what could look like a small building detail makes a significant difference in 
term of drag and lift produced. 
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The outcome of this work is that yes, such profile could potentially provide enough or 
contribute significantly to the generation of down-thrust. It is not possible at this stage 
of the project to confirm the exact proportion of down-thrust required for the device to 
remain stationary on the seabed. The reason is the following: the velocity at which the 
turbine starts to shed power is 2.25m/sec so the maximum thrust (horizontal force on 
the device) is to be found at that flow velocity. The maximum horizontal force is the 
sum of the thrust generated by each turbine (30 Tonnes each) and the hydrodynamic 
drag on the supporting structure which has been estimated to 40 Tonnes at 2.25 m/sec 
so the max horizontal force will be 130 Tonnes at 2.5 m/sec. The reason is that the 
turbine thrust decreases sharply after 2.25 m/sec due to design peculiarities of that 
turbine. 
 
To conclude, the main merit of this study was to highlight the fact that negative lift can 
be produced such as to dynamically anchor, if not totally at least to a large measure, a 
tidal generation device. The performance of this anchorage method could however be 
further exploited if free from the current industrial constraints. The different parameters 
influencing this negative lift generation have been detailed, and two major foil shapes 
are proposed. At a thickness to chord ratio of ¼, a more distorted profile can produce 
more lift force but could be more expensive and have a less structurally sound 
configuration. The less distorted profile produces approximately 20% less lift but is 
cheaper to construct and likely safer structurally. 
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Chapter 10: Future work 
There is a need for extensive evaluation of the lift generated by hydrofoils in a tidal 
stream current, to get more information about the lift force in both tidal stream 
directions. Additional ideas of how to increase the lift force generated are proposed as 
well. 
The observations presented in this thesis were performed on the basis of individual 
sections of the foil facing the flow on the delta shape. These sections are a small 
thickness of 4 cm, and the results obtained are then multiplied to get the lift on a 25 m 
length hydrofoil. In order to estimate the lift generated by the two other foils of the 
delta, cases could be run with an angle between the inlet velocity and the foil. This 
would give an estimation of the drag generated by the two other foils in the two 
directions of the tidal stream. 
However, to take into account the interaction between the three foils,  and since this 
interaction is not the same depending on the tidal stream direction, an estimation of the 
lift generated by the three foils would produce better results by directly computing the 
three dimensional model of the structure.  
To increase the quantity of lift generated, an idea inspired from high-lift devices on 
aerofoils, such as slats, to accelerate the boundary layer and to retard the boundary layer 
separation could be considered. The case of a profile with a slat could be studied to 
estimate in how much quantity the lift force would be improved. 
The findings of this work are valuable contributions to the offshore industry, with 
particular regards to the proof of concept of the development of a new anchoring 
system. This proof of concept has to be considered in the range of conditions tested here 
and further investigation will determinate the application of the concept to other 
conditions. 
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Name of the file .res in
CFX
Description of the profile
A tube1_3_Omesh_004
symmetrical profile, no plate thickness, height to width
ratio 1/3, at 2.5 m from the ground
B tube2_2O_004
asymetrical profile at 0.5 above centre, no plate
thickness, ratio 1/3, at 2.5 m from the ground
C tube3_008
asymetrical profile at 0.5, with plate thickness, ratio 1/3,
at 2.5 m from the ground
C2 tube3_3_002
asymetrical profile at 0.5 , with plate thickness, ratio
1/3, at 10 m from the ground
D tube2F_009
asymetrical profile at 0.7, with plate thickness, ratio 1/3,
at 2.5 m from the ground
E tube3_2_003
asymetrical profile at 0.7, with plate thickness, ratio 1/5,
at 2.5 m from the ground
F tube3_8_004
asymetrical profile at 0.5, with plate thickness, ratio
1/3.5, at 2.5 m from the ground
G tube3_4_002
asymetrical profile at 0.5, with plate thickness, ratio 1/4,
at 2.5 m from the ground
H tube3_7_002
asymetrical profile at 0.7, with plate thickness, ratio 1/4,




asymetrical profile at 0.5, with plate thickness, ratio 1/4,
with sharp edges, scale 1/30
I2 profile4_fullscale_009
asymetrical profile at 0.5, with plate thickness, ratio 1/4,
with sharp edges, full scale
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APPENDIX 2: MATLAB SCRIPT TO COMPUTE THE 
VELOCITY PROFILE ACCORDING TO 7TH POWER LAW 
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APPENDIX 3: MATLAB SCRIPT TO PLOT DRAG AND LIFT 
EVOLUTION FROM MONITOR POINTS FILE 
 
                                   
 




When running the Matlab script for profile D for example, the code make the two 
following pictures : 
Drag profile D Lift profile D 
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